Study of environmental effects upon particulate radiation induced absorption bands in spacecraft thermal control coating pigments  Final report, 22 May 1967 - 27 Jan. 1969 by unknown
CR
P1^P^i ► ^'AOVE
'13 2 89
°o	 (ACCESSION NU ER)	 (THRU)
f
oc
O	
- A	 )	 ODE).
J
a (NASA CR OR TMX OR AD UMBEP.)	 (CATE ORY)
https://ntrs.nasa.gov/search.jsp?R=19690007536 2020-03-12T07:22:35+00:00Z
ei
STUDY OF ENVIRONMENTAL EFFECTS
UPON PARTICULATE RADIATION
INDUCED ABSORPTION BANDS IN
SPACECRAFT THERMAL CONTROL
COATING PIGMENTS
6-78-68-45	 January 1969
Final Report for Period
22 May 1967 to 27 January 1969
Contract No. NAS 2-4353
Prepared For
NASA
Ames Research Center
Moffett Field, California
Thermophysics Laboratory
Lockheed Palo Alto Research Laboratory
LOCKHEED MISSILES & SPACE COMPANY
Palo Alto, California
0
6-7R-68-45
FOREWORD
This report was prepared by the Lockheed Missiles & Space Company for the NASA/Ames
Research Center. The work was performed under Contract NAS 2-4353 and was adminis-
tered by the Ames Research Center. Mr. E. It. Streed was Technical Monitor.
The work outlined in this report was performed by the LMSC Thermophysics Laboratory,
under the supervision of Mr. R. E. Rolling and Dr. R. P. Caren. The Environmental
Effects Group under Dr. S. A. Greenberg was specifically involved. Dr. M. McCargo
and Mr. R. A. Breuch were the principal investigators. This report was written by
Dr. M. McCargo, Dr. S. A. Greenberg, and Mr. R. A. Breu ,^,h. Mr. I. N. Ingham
was responsible for the design, fabrication, and installation of the in situ integrating
sphere find also installation of the ORTEC Proton Mass Analyzer Unit. Mr. N. J. Douglas
was responsible for the design of the improved in situ fibre optics system used in part
of the work. Dr. M. McCargo; Mr. I. N. Ingham, and Mr. N. J. Douglas were responsi-
ble for the experimental program. Mrs. A. Tolman and Miss S. McDonald were
responsible fo-r sample preparation, Cary spectrophotometer meariurements, and data
reduction.
The authors gratefully acknowledge the unselfish help of the other members of the
Thermophysics Group who gave of their time in a time of need.
This Final Technical Report describes the work performed from 22 May 1967 to
27 January 1968.
ii
{
LOCKHEED PALO ALTO RESEARCH LABORATORY
t O C K N E E D M 1 S S 1 l E S A S P A C E C O M P A N Y
A GROUP DIVISION OF tOCKNEED AIRCRAFT CORPORATION
is
e ., e ..,,.»,	 . ,.,p.b„:p <. ^.,,.- ,
	 _' ' ^=`.......^.•_:.lw-::-..^.:.^..__.._.^.^ W	 _	 ' '	 -	 :..um6.u. ,^,:.:,,,	 .	 ;^	 ......,.^ .^sx...._ .. , _._...:....,Y ^ f 	d...... ..	 ._...	 . 	 ...	 _.	 _.	 . 	 ............., ^	 _..
6-78-68-45
ABSTRACT
Studies of the effects of a simulated solar wind environment (solar ultraviolet and solar
wind protons) were made on Zn0 /K2SiO3 and La203 /K2SiO3 thermal control materials.
In situ optical measurements were made to establish the change in optical characteristics
of both materials, as a function of proton energy and substrate exposure temperature.
The proton energies were 500, 1200, and 3200 eV and the exposure temperatures 770,
298° and 423°K. Both materials exhibited a recovery effect (as measured in situ), the
magnitude of which was energy and temperature dependent. Proton-plus-ultraviolet
and ultraviolet-only exposures were performed with electromagnetic radiation greater
than 0.4 µ, less than 0.4 p, and a combination o f the two. The temperature-dependent
studies were carried out at the same temperature levels as for the proton only exposures.
The ZnO/K2SiO3 suffered a small amount of damage, comparable to that experienced
for a proton-only environment. The La203 /K2SiO3 suffered drastic degradation, which
was greatest at the higher exposure temperature. A theoretical study of low-energy
proton ranges and modes of energy dissipation was conducted. The results are dis-
cussed relative to the behavior of the two materials in the proton only environment.
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Section 1
IWROCUCTION
The requirements associated with increasing the mission lifetime of space vehicles
have resulted in greater emphasis being placed on the use of spacecraft-thermal control
surfaces whose pattern of behavior during exposure to a simulated space environment
is known. Successful operation of the space vehicle demands that when these materials
are exposed to the environment of space they function within strict engineering toler-
ances. The desired range of operating temperatures is achieved by controlling the
radiant energy transfer between the vehicle and its environment by using surfaces of
selected solar absorptance as and thermal emittance c. These surfaces are generally
susceptible to damage by radiation, there' causing a change in the optical character-
istics of the surfaces (I.e., an increase in as).
In the solar wind radiation space environment the energies of the protons and electrons
are so low, relatively, that they will not penetrate the typical vehicle skin but rather
will deposit all of their energy in the coating. Tests at LMSC and elsewhere have shown
that radiation-induced damage in space is synergistic; that is, there are interactions
between the effects on materials of the various environmental constituents (i.e. , geo-
magnetically trapped electrons, solar ultraviolet-energy, ambient-pressure, and
material temperature), with the result that behavior in the total environment is not
generally predictable on the basis of data obtained from separate exposures to damaging
environmental constituents. It has been clearly established that many types of damage
will recover or anneal upon return from the vacuum to ambient environment. Conse-
quently, meaningful data can be obtained only by performing in situ optical measure-
ments before the specimens are returned to atmospheric pressure and ambient
temperature conditions.
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Under this contract, an exlxwimental and theoretical investigation of the effects of
singular and combined elementavy chit rged -partic le and simulated solar electromagnetic
radiation on the optical proportion of two bpaceeraft thermal control materials, namely.
ZnO/K2$i0 .; and La203 /K2siO3 , was performed. The program reported here investigates
the effects of low-energy protons on the optical properties of the materials, over the
range 250 to 3200 eV, at three temperatures between 77' and 420°K. Proton-plus-
ultraviolet and ultraviolet -only radiation effects were also investigated. The proton
energy chosen was 1200 eV, and the electromagnetic radiation intensity was maintained
at 4 suns. *
 Three temperature levels were investigated, as was the effect of greater
than 0 . 4 p and less than 0 . 4 p solar radiation. Damage data are reported for both in
situ and atmospheric conditions.
*One sun of ultraviolet radiation is defined as the flux density of extraterrestrial solar
radiation in 'he wavelength interval from 0.2 to 0.4 µ, which is incident upon a flat plate
perpendicular to the solar vector at a dist.xnce of 1 astronomical unit from the sun.
N^
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Section 2
PROGRAM SCOPE
The overall objectives of this program are delineated in the following statements:
• Investigate the energy-dependence of proton damage to the optical properties
of ZrO/K2SiO3 and La 203 /K2 SiO3 , with proton energies in the range 100 to
5000 c v.
• Examine the significance of temperature in annealing or enhancing of partic-
ulate radiation-induced absorption bands at three temperatures between 77'
and 423°K for a particular proton energy.
• Determine the importance of solar spectral distribution for the bleaching of
particulate radiation-induced absorption bands by investigating the effects of
concurrent and singular solar electromagnetic radiation and low energy protons,
at three temperature levels between 77° and 423°K for ultraviolet radiation
greater than 0.4 p and less than 0.4 p and the combination.
• Compile in tabular and graphical form reflectance data obtained in situ and
in air.
• Perform a theoretical investigation directed toward establishment of useful
range and energy partition process data for the case of low-energy protons
in the metal oxides (ZnO and La203 ), and an investigation directed toward
identification of the mechanisms involved in singular and combined environ-
mental damage to the selected materials.	 I
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Section 3
MATERIALS  AND EQUIPMENT
The two coatings agreed upon by the Lockheed Principal Investigator and the NASA/Ames
Project Monitor were zinc oxide-potassium silicate (Znu/K2SiO3 ) and lanthanum oxide-
potassium silicate (La 203 /K2 SiO3 ) in pressed powder form.
In all the exposures carried out during the program, a Lockheed Optical Solar Reflector
(OSR) was included, which acted as a monitor for contamination since it is stable in all
the Environments under consideration. The material sources, purity, and particle size
are listed below:
Material	 Source
	
Purity
Zinc Oxide New Jersey 	 99.9
(SP 500)	 Zinc Co.
Lanthanum Rare Earth Division, 99.99
Oxide
	 American Potash and
Chemical Corp.
Potassium Sylvania Electronics 35% Solids
Silicate
(P. S. -7)
3.1 ZINC OXIDE-POTASSIUM SILICATE (ZnO/K2SiO3)
Particle Size
0.25 — 0.35 p
3.5 p
The ZnO/K2SiO3 material, which was provided by the NASA/Ames Research Center, was
prepared as follows.
A slurry of 1600 g ZnO, 1400 g P. S. -7, and 900 g distilled water was balled for 2 hr;
2,400 g of water was then added to the slurry and the mixture poured into a 198-mm
porcelain Buchner filter lined with a 200-mm Arthur H. Thomas No. 5760 filter paper.
The excess water was removed under vacuum using a vacuum pump and a side arm
4
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Ehlenme ,yer flask. The cake was then placed in a Pyrex plate and heated to 1000('F for
4 hr, then allowed to cool overnight. The cake was broken into small pieces ( < 1/8 in.),
placed in the 13uchner funnel, and washed with 12 1 of boi'.ing distilled water until the pll
of the rinse water was 10.0. The filter cake was then dried in a Pyrex dish for 8 hr at
120 ° C prior to use in the formulation. The samples for exposure were then prepared
by compacting the ZnO/K 2 SiO3 material in precleaned recessed aluminum holders,
which were secured to the sample table by means of four stainless steel chemically
cleaned screws.
3.2 LANTHANUM OXIDE — POTASSIUM SILICATE (La203/K2SiO3)
This material was also provided ready for use by Ames Research Center, and its prep-
aration was identical to that used for the ZnO/K 2SiO3
 material described in Section 3. 1.
3.3 LOCKHEED OPTICAL SOLAR REFLECTOR (OSR)
The OSR is basically a Qecond-surface mirror and uses selective spectral reflectance.
The first surface is high-purity fused silica (Corning 7940); the second surface is vapor-
deposited silver. The silver was overcoated with vapor-deposited inconel to afford the
silver protection from corrosion while being handled. The total thickness of the OSR
samples was 0.008 f 0.002 in. The samples used were either 2 by 2 in. or 1 by 0;5 in.
and were secured to the sample table with stainless steel chemically cleaned screws.
3.4 COMBINED-ENVIRONMENT CHAMBER
The Lockheed combined-environments chamber was used in this study. This chamocr i
used to study the combined effects cif various space environments on materials related to
spacecraft thermal control, solar concentrators, and solar cells; Lockheed-sponsored
basic experimental studies pertinent to charged-particle/solid interactions are also per-
formed in this equipment. Three separate environments can be simulated concurrently:
particle only, ultraviolet only. and combined particle-plus-ultraviolet. Nine samples
5
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can be exposed during one experiment, three in each environment. In this study. only
two samples were exposed to each environment to accommodate inclusion of an ()Sit
sample for monitoring of contamination. In Fig. 1 the experimental arrangement of the
chamber relative to the proton accelerator is shown.
The basic vacuum system is fabricated from 301 stainless steel that has been chemically
polished on the internal faces. Stainless steel liquid nitrogen and liquid helium traps are
within the main chamber. Extensive areas of copper baffling are attached to the main
liquid-nitrogen trap. This baffling system almost complet ,:ly encloses the test sample
tabic; when the table is in the exposure position. Vacuum seals are either O-ring (Viton)
or metal (copper-indium) . An oil diffusion pump is used with a water-cooled cold cap
directly above the tap jet. An optically dense, liquid-nitrogen-cooled, circular chevron
trap separates the diffusion pump and the exposure chamber. Rough pumping on the dif-
fusion pump is done with a mechanical pump separated from the diffusion pump by a
molecular sieve trap. All high vacuum pressures are measured with nude trifilament
ionization gages.
Pre-high-vacuum, in situ, and post-test measurements are carried out in the upper
cylindrical chamber attached to the main chamber. The sample table is placed in this
chamber, which is evacuated by means of either a separate mechanical pump suitably
trapped or a cryogenically-cooled molecular-sieve pump. The upper chamber is then
opened to the main chamber, and the pre-test High-vacuum measurements are made.
The table is then lowered into the main chamber to the required exposure position.
After the desired exposure, the test samples are returned to the upper chamber, where
in situ measurements are performed under high-vacuum conditions. The samples are
then either moved into the exposure chamber for additional exposure or subjected to an
atmosphere of dry nitrogen or oxygen at atmospheric pressure in the upper chamber
after isolation from the main chamber by closing the gate valve.
A reservoir and a resistance heater .
	 incorporated in the copper sample table. By
using various fluids and/or electrical I., • input to the heater, the temperature of the
sample table can be controlled over the range 77° to 530°K. For this study, three
6
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temperature levels were of interest: 77° , 298*, and 423')K. The lower temperature was
obtained by circulating liquid nitrogen through the reservoir; for the ambient tempera-
ture (29 ° K) exposures, circulation of tap water or compressed air was used. For the
higher temperature, electrical power was used as a means of temperature control. I ;JA-
posure temperature was maintained during sample table transfer from the main chamber
to the upper chamber and during prevacuum and in situ optical measurements.
Vacuum-jacketed liquid-nitrogen transfer lines and electrical heating tapes were used to
ensure that the temperature of the sample table support was maintained within the opera-
tional temperature limits of the O-ring sliding seals.
3.5 PROTON SOURCE
An Ortec rf ion source and mass analyzer unit was used for the source of protons. The
complete unit comprises an rf source, an Einzel lens, and a crossed field (magmetic x
electrostatic) analyzer. Figure 1 illustrates the geometrical arrangement of the device.
An rf signal (80 Hz) is applied to the ion bottle containing hydrogen gas. The flow of
hydrogen is controlled by a palladium leak. The desired accelerating potential is aliplied
to the anode. The resulting divergent beam is focused by the Einzel lens unit; protons
are then separated from the beam by the crossed field analyzer unit so as to produce an
analyzed beam approximately 3 in. in diameter when it enters the combined environments
chamber.
Measurements on the dependence of the beam current intensity as a function of Einzel lens
voltage, steering plates voltage, and probe voltage were carried out. The accelerated
beam is composed primarily of H1, H2, and H3 . In Table 1, the results are given for 	 J
various probe or accelerating voltages between 500 and 4000 eV. The analyzer unit per-
forms well at energies above and below 1000 eV, but in the region of 900 to 1100 eV
there appears to be some instability in the beam current for mass 1.
Absolute proton intensity at the test sample location is determined with a series of Fara-
day cups. These cups are interchangeable with the test sample table and can traverse
8
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Table 1
DEPENDENCE Of .' PROTON FLUX AS A FUNCTION OF PROBE',
EINZEL LENS, AND ANALYZER VOLTAGI:
Probe
Voltage
(V)
Einzel Lens
Voltage
(V)
Analyzer
Voltage
(V)
Proton Flux
p ( cm `	S)-1
o
520 262 478 0.25 x 1011
560 310 490 0.25 x 1011
600 322 510 0.25 X 1011
1000 562 610 0.11 x	 1011
2000 910 740 0.11 x	 1012
3000 1220 840 0.15 x	 1012
4000 1225 840 0.17 x 1012
the entire proton beam at the test sample location, rive secondary detectors (1-cm2
aluminum buttons) are permanently attached in the main chamber. These detectors ,ire
calibrated with the Faraday cups; the flux during a test is then determined from the cor-
rected secondary detector readings. One movable button is also located in the chamber
and is used for periodic checking of beam uniformity across the sample table plane dur-
ing an exposure. The currents from the Faraday cups and the secondary buttons are
passed through a 106-ohm precision resistor (0.5%) . The resulting voltage is then
passed to a Vidar 240 voltage-to-frequency converter; the frequency is then counted on
a Iiewlett-Packard events-per-unit-time meter. The counts/second recorded are then
directly proportional to the input current. The counts are then integrated over a time
interval (10-sec intervals, say) and are then printed out on a high-speed Hewlett-Packard
digital counter. The total integrated counts are then proportional to the total current,
which in turn is proportional to the integrated proton flux (p/cm 2) impinging on the Fara-
day cups and/or secondary buttons.
During the exposure, the current from the movable button is fed into a Keithly 602 elec-
trometer, enabling quick and accurate determinations of the beam uniformity to be made.
9
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3.6 ULTRAVIOLET RADIATION SOURCE
The source of electromagiietie radiation h, ct Ilanovin 500 W-de xenon are lamp. The
lamp is housed in a Suprasil (Fngelhard Industries) vacuum jacket, and is cooled by dry
compressed air circulation.
It was important that the spectral energy of the lamp be determined prior to commence-
ment of the combined environments exposures so that corrections could be made during
the experiments for lamp aging effects and so that the experimental irradiation condi-
tions could be characterized.
Calibration of the lamp therefore was carried out using a Cary 14 spectrophotometer
fitted with a rotating integrating sphere attachment. The instrument used was the pro-
perty of the NASA Ames R search Laboratory. Since the lamp is enclosed in the Supra-
sil vacuum jacket during operation, the calibration was carried out with the lame enclosed
in the jacket. The spectral energy response was measured over the wavelength interval
0.2 to 2.5p. and the spectral characteristics of the lamp are shown in Fig. 2. The
characteristic xenon spectrum is superimposed on the blackbody emission of the elec-
trodes resulting in the suppression of some of the xenon line characteristics. Changes
in the spectral distribution of the xenon Lunp due to aging will be monitored by making a
direct comparison with a General Electric 1000-W Tungsten-Iodide lamp. The spectral
energy of the reference W-I lamp was measured at a constant 8.30 amp. Figure 2 shows
the spectral energy distribution at a distance of 17 cm from the spectrophotometer aper-
ture. The monitoring measurements involved comparing the spectral energy output of
i
the test xenon source to the stable W-I lamp by means of narrow-bandpass filters (Optics
Technology), which were incorporated into the bidirectional in situ reflectance apparatus.
The xenon source was monitored at intervals during the program at specified wavelengths .
The Corning color glass filters were mounted on the copper water-cooled holder in
which the Suprasil vacuum jacket containing the ultraviolet xenon lamp is housed. All
four edges of the filters were in intimate contact with the copper holder to ensure ade-
quate cooling of the filters during exposure. A Corning 7-54 filter was used for
10
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electromagnetic radiation hvlow 0.4p and a 3-73 for radiation greater than 0.4p. The
7-5 .1 filter has a "transmission window" between 0. GGp and 1.2dµ but was considered)
acceptable for those experiments.
3.7 IN SITU REFLECTANCE APPARATUS
Thermal control coatings have been shown to exhibit damage recovery phenomena when
returned to atmospheric conditions, necessitating th • +t in situ reflectance measurements—
not just pre- and post-test measurements — be made. Another parameter that must be
considered is taking optical measurements at exposure temperatures. During this study,
two modes of in situ reflectance measurements were used the reason for which is ex-
plained in Section 5.
3.7.1 In Situ Bidirectional Fiber Optics System
In this system (Fig. 3), the incident and reflected radiant energy is guided by unfocused
quartz light pipes directed at the center of the sample surface. A detailed description
of the system and the associated electronic subsystem has been reported elsewhere
(Ref. 1).
3.7.2 In Situ Integrating Sphere System
For the reasons detailed in Section 5, it was necessary to replace the bidirectional fiber
optics system with an integrating sphere system as the method for m"dcing in situ
	 l
reflectance measurements.
The location of the sphere relative to the sample table is shown in Fig. 1. It was fabri-
cated from two aluminum steel hemispheres to which was mounted a push-pull rotary
vacuum seal for accurate alignment with the test sample. Numerous experimental
arrangements can be conceived for reflectivity :neasurements using an integrating
sphere, most of which can be classified as either a substitution method or a comparison
method.
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Iii this design we vllosc tho subtsti tilt ion method of 111ca surement, in which the radiation
-iters the sphere ►
 from sin external source through an aperture and falls on the sample
surface (Fig. 4a). The radiation intensity at the sphere wall is measured by means of an
external photomultiplier or lead sulphide detector mounted at sin aperture on the sphere
wall. The sample is then replaced by a standard and the measurement repeated over
the same wavelength interval, the relative value of the intensity being used as a mesi-
sure of the reelecting power of the sample relative to the standard.
The 4. 75-in.-diameter sphere has three ports, a 3/4 by 1 in, saml ►Icport, 1/2 by 1-1/2 in.
detector port, and a 3/8-in.-diameter entr.a;ice port for the light from the flecicnian
model DU-2 spectrophotometer. Two materials were considered for the sphere coating:
magnesium oxide and lithium aluminum silicate. Although the former is the material
usually used, we decided on the latter because of its mechanical stability and ease of
handling, particularly since there was a likelihood of mechanical shock during movement
of the sphere to the sample table. Exact details of preparation of the 1AAl8104-K 2Si0 .l
coating have been reported previously (Ref. 2). The coshing is applied with a spray gun
and sifter application cured at 200'C for 2 hr to drive off any moisture present.
The detectors mounted on the sphere wall were a 1 P28 photomultiplier tube and a Kodak
Ektron PbS detector. Figure 4a indicates the geometrical arrangement of the sphere,
simple, and associated optics relative to the incident beam; Fig. 4b is a block diagram
of the electronic subsystem,
3.8 LION RESEARCH OPTICAL COMPARATOR
Emittance measurements of selcuwd targets were made using a Lion Research Optical
Comparator, a portable instrument used for measuring both the total ernittance of a
thermal control surface and the solar reflectance. The emissometer unit of this device
is a radiometric comparison instrument. 'The detector of the emissometer head views
an area on the test surface about 3/4 in. in diameter. Energy emitted by the surface is
sensed through a KRS infrared window with a thermoelectrically-cooled (— 0° F) thermo-
pile mounted in the evacuated head. Before the specimen to be measured is viewed, the
14
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Figure 4b Block Diagram — In Situ Reflectance Apparatus Electronic Subsystem
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energy emitted by three standards (e = 0.04 1 0.50 1
 0.97) is detected and the thermo-
couple output is calibrated. A correction must be applied to the c measurement ob-
I
twined if specimen and standard are not at the same temperature. For comparison, the
uncertainty in the emissometer data is less than 5%.
1`'' 1
^i
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Section 4
SPACE ENVIRONMENT
In this study the space constituent under consideration was the solar wind, consisting of
low-energy protons, electrons, and electromagnetic radiation. The solar wind seems
to originate in localized spots of activity on the surface of the sun. The energy density
of the plasma is greater than the interplanetary magnetic field, so that the latter is car-
ried along by the plasma. The most complete measurements made so far are those of
Snyder et al. (Ref. 3) on Marine II. Beyond the magnetosphere they found a flux of
3 x 107 particles/cm2 -sec with energies varying between 200 and 5000 eV. They
arrived at a useful definition of the solar wind, namely,
V(km/sec) = (8.44 + 0.75)2kP + (330 + 17)	 (1)
which is essentially in agreement with the power law dependence proposed by Dessler et
al. (Ref. 4) . The summed geomagnetic index (Jk j is a number arrived at by earth-1
based measurements. The solar wind is seldom less than 500 eV or greater than 3000 eV
and, using the average IP value for the past 30 years, it can be determined that an
average of 1200 eV can be assigned to the solar wind proton. The electron component of
the solar wind is also important and, although it is not the detailed subject of this study,
it will be defined for completeness of information. In summing up, the characteristics
of the solar wind at 1 AU may be represented as follows:
Velocity of Solar Wind Protons = 300 -- 700 km/sec
Average Proton Fluence = 2.4 x 108 p/cm2-sec
EP = 500 — 3000 eV (streaming energy)
= 1 — 100 eV (within frame of plasma)
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Section 5
RESULTS
5.1 THEORETICAL RESULTS
5.1.1 Interaction of Low-Energy Protons With Solids
Two major energy losses must be included in the development of range-energy rela-
tions. These are interactions of the proton with the electrons of the target and colli-
sions with the nuclei of the target. Descriptors of these interactions are S e(E) and
Sn(E), which are defined as the electronic stopping cross section and the nuclear stop-
ping cross section, respectively. These quantities have the dimensions energy and
area and will be expressed in this report in units of eV x cm 2 per atom (or molecule) .
Hereafter, the per atom or per molecule notation will be deleted. When S e(E) and
Sn(E) are known, the total path length (R t) of a proton in a soi.d can be determined front
the relationships
- dE/dx = N [ Sn(E) + Se(E) ]	 (2)
and
where
_ E° ( dE 1'1
R t	 1 dx / dE	 (3)0
dE/dx = average rate of energy loss with distance
N	 = average number of target atoms per unit volume
E 	 = initial energy of the proton
J
J.
Strictly, this relationship will hold true only for amorphous targets.
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The first task will be a determination of S e(E) and Sn(E), which are basic to the prob-
lem; other techniques of combining such quantities so as to arrive at a universal range-
energy curve sorve only to obscure the important fine details of the variations in Se(E)
and Sn(E) with changing proton energy. Such variations are indeed important in under-
standing the penetration depth versus energy for the various materials. In many of the
computations, it is necessary to refer to the velocity of the protons. In this regard,
Fig. 5 is presented for reference.
5.1.2 Stopping Cross Sections (Experiment and Theory)
Figure 6 contains the total stopping cross sections for selected materials as obtained
from a detailed analysis of referenced published papers (Refs. 5. 6, 7, 8, 9).
Other sources of information were also reviewed (Refs. 10, 12, 13, 14). The informa-
tion generated by Wax and Bernstein (Ref. 10) was not used because an analysis of these
data indicated that the values for (-dE/dx) in thin carbon films was high by a factor
of 2. It was later confirmed that their foil thickness measurements were thought to be
in error (Ref. 11). Three other promising papers, by A. van Wijngaarden and Hastings,
were reviewed in detail (Refs. 12, 13, 14). Although these papers deal primarily with
the deterioration depth in ZnO and ZnS by heav y ions, they use as their primary mea-
surement technique a proton beam to probe their targets. In predicting the penetration
depth of the protons, they use the calculated value of Se(E) as given by Lindhard, et al.
(Ref. 15) . In this regard, to begin with, their Se(E) value is in error (because of
Lindhard's theory), and the fact that Se(E) a E 1/2 (per Lindhard) leads to even more
serious errors at low proton energies. Also, even though Sn(E) was calculated in one
paper (Ref. 14) , it was not used in the range analysis (Ref. 16) . Therefore, the data
presented in Fig. 3 (Refs. 5, 6, 7, 8, 9) are thought to be the most accurate and con-
sistent data available at this time in regard to experimental total stopping cross sections
( St(E)] . There is general agreement of the low-energy data with the higher energy data
as far as absolute values are concerned (compare 30-keV and 50-keV data), and agree-
ment among the lower energy data where common materials were studied. It is import-
ant to note that for proton energies less than 30 keV, S t(E) a E O.4 for most of the data.
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It is still useful to calculate Se(E) and Sn(E) from the theory of Lindhnrd et al.
(lief. lei) for selected materials, since the theory for nuclear stopping cross sections
has been very reliable, even though the electronic stopping cross sections are con-
sidered to be in error.
For crude, but sometimes useful, first approximations, the nuclear stopping cross
section Sn can be assumed to be independent of energy and of the form
Sn = (T2/2. 7183) e 2aoZ i Z 2 M i Z -1/3 (M 1 + M2 )-1
(4)
Z Z	 M
2.8 x 10-15 1 1
23 M+ M eV x cm ( Z ) 1/3 	 2
where
Z 1/3 = 
(Z 1 
2/3 x Z 
2 
2/3)1/2
a	 = 5.29 x 10-9 cm0
In this equation, Z 1 and M 1 are the atomic number and mass of the proton, and Z2
and M 2 are the atomic number and mass of an amorphous target material. However,
in reality Sn does vary with energy, especially in the energy range of interest at pre-
sent, namely, proton energies from 0 to 3.2 keV . It is therefore appropriate to calcu-
late Sn(E).
Nuclear stopping is easily described by a suitable scaling of energy and cross section.
Start with the following quantities as measures of energy and range (Ref. 15)
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aM
p - RNM 2 4w a2	 1 2
(M1 + M2)
where
E = proton energy
a = 0.5553 a z-1/3O
it  = total path length
N = number of atoms per unit volume
The derivative
1p)	
Sn (E)(M1 + M2)
n 4v e a L I Z 2 M1
is a dimensionless measure, of the stopping cross section; therefore
((d	 4^r eta 7 1 22 M1Sn(E)	 \dp)
	
M + M
n	 1	 n
The term ( d '  ) is obtained from the comprehensive scattering cross section
n
da = ra2 S t2 f ( t1/2 )
2t
where
t = E2 (T/Tm ) = E2 sin  2
where T is the energy transferred to an atom originally at rest by a particle of energy
E while Tm is the maximum energy transferred in a nuclear collision
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4MT	 1 M 2 F.	 (10)
m d ( MI + M2 )2
The equation for T  is easily obtained by considering conservation of kinetic energy
and momentum in an elastic collision between a moving particle of mass M I and the
target atom of mass M2.
A plot of (dr/(Ip)n as computed from the comprehensive scattering cross section is
shown in Fig. 7 (Ref. 15). It is noted that (dE/dp)n as a function of c is given in tauu-
lar form in Ref. 17; Sn(E) can now be directly computed using Eq. (8) with (dc/dp)n
determined from Fig. 7.
The results of the calculations of Sn ( E) are indicated in Fig. 8. A sample calculation
is included in Appendix A. It is important to note the energy dependence of Sn(E) and
the absolute values. For reference, it was determined that Sn (E) copper is approxi-
ma t'ely equal to Sn(E) of atomic oxygen and aluminum are similar in shape and rnagni-
tude . These similarities will be used later in describing the variation of prcjected range
with energy.
The calculation of Se(E) is straightforward and is given by the relationship
Z 7/6 Z
Se(E) ^ 8we2 ao 1 Z 
2 
^	 (11)
0
where
vo = e2/n
= 2.2 x 108 cm/sec
where v is the velocity of the proton. For proton solid collisions, there is the require-
ment that v be less than vo (Eo is indicated in Fig. 5). The results of the calculations
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tire contained in Fig. 8. (A sample calculation is given in Appendix 11.) It is seen from
Eq. (11) that Se(E) cv v cY E1/2.
A comparison of Figs. 6 and 8 indicates significant differences between the calculated
and the experimental Se(E), both in absolute magnitude and in the slope of the curves.
It is useful to calculate the total path length, assuming only electronic stopping, using
both theoretical and experimental values of S e(E) and, as previously stated,
E° 	 l'1R=t	 (dE
 ( / dE
0
where (- dE/dx) is defined by Eq. (2) with Sn(E) set equal to zero. For reference,
the following values of (- dE/dx) were calculated for a 10-keV proton using the experi-
mental data of Morita' et al. (Fig. 6) to obtain Se(E) at 10 keV:
Material	 Se(E) (x 10-15 eV • cm 2 i	 (- dE/dx) (eV/A)
	
for 10-keV Proton 	 From Eq. (2)
Be	 6.76	 8.22
Al	 9.23
	
5.56
Cn	 13.4	 11.38
Ag	 19.1	 11.18
An	 21.4	 12.6
/	 1
The results of the calculations of R t are indicated in Fig. 9. (.Appendix C contains a 1
sample calculation.) Also shown in Fig. 9 are the total path lengths in selected mate-
rials as calculated from Eq. (3) and the Lindhard et al. Se(E) data from Fig. 8. It is
now evident from Fig. 9 how the difference in theory and experiment can affect the total
I
path length [as determined from only Se(E)] . Aside from the absolute values of Se(E)
resulting in differences, the following relationships are also important in contributing
to the differences:
4
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R t cY 0 1 0 EO' 0 (experiment)
	 (12)
lt t a 0 1 5 E0' 5 (theory)
	 (13)
When referring to experiment and theory for Eqs. (12) and (13), we are referring only
to the values of Se(E) that were used to calculate Rt.
5.1.3 projected Ranges
A summary of measured and calculated projected ranges is indicated in Fig. 10 (Refs.
7,18) . The data of freeman and Latimer (Ref. 18) represent measured ranges for 90%
beam attentuation of 5 to 80 keV deuterium ions in gold and aluminum where R, ) (E/2)
1/2 R D(E) h,'is been used to obtain the indicated proton range data. The calculations of
Janni (Ref. 19) have been used to obtain the range of 100 keV protons. There is excel-
lent agreement in the data when the low-energy information is extrapolated to 100 1(cV .
In addition, the change in slope of the low-energy proton range for the various materials
's in remarkmble agreement with predictions. Aluminum indicates a trend toward
shorter range values earlier than the heavier elements gold and copper. An examina-
tion of the calculated Sn(E) would lead to this prediction, since Sn(E) is approaching
Se(E) in magnitude before a similar sitwa Lion occurs in the heavier Z materials. (More
frequent large-angle scattering due to th6 increasing Sn(E) results in rapidly decreas-
ing range in aluminum for the lower energies.) Based on this, copper should be the
next element to indicate a rapidly changing range to smaller values at t1:: lower energies.
Figure 10 indicates this to be the situation. Because of the large difference in Sn(E)
and Se(E), gold should indicate the least scattering effect at low energies of the three
materials, and the experimental data indicate this to be true.
S
The theory of Schlott (Ref. 17) was used to predict projected ranges from theoretically
predicted total path lengths. The results were inconsistent with the experimental data.
The failure of Schiott's theory is most likely because it is primarily based on the Lind-
hard et al. (Ref. 15) analysis for predicting projected range.
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Since it was felt that available theories could not give reliable range data, although
they are certainly good indicators of trends, it was determined that a practical approach
would be to interpolate the ranges in the materials of interest by use of the experimental
data in Fig. 10, the Sn(E) data in Fig. S, the 100 keV data in Fig. 10, and the Z de-
pendence of Se(E) as experimentally determined by Morita et al. (Fig. G). From an
analysis of these data, the interpolated ranges for oxygen (atomic), lanthanum, and
zinc were determined and are as indicated in Fig. 10 for most of the energy range of
interest for solar wind applications.
Since the Sn(E) for zinc and copper are the same, it is reasonable to expect that the
range-energy curve for zinc will have the same shape as the copper range-energy curve
and will be displaced in absolute magnitude by a multiplication factor that is determined
from the 100-keV data. The S n(E) dependence of lanthanum was compared with that
for gold, and the Z-dependence of Se(E) from Morita (along with density/atomic
weight) was used to obtain a reasonable range-energy curve for lanthalum . Oxygen
(atomic) range-energy relationships were obtained from an anlysis of the Sn(E) of
oxygen and aluminum and the Morita Z-dependence.
A number of inter comparisons were made from the interpolations, and the range results
for zinc, oxygen (atomic), and lanthanum shown in Fig. 10 represent the best possible
estimates at this time.
The range of protons in the materials ZnO and La 203
 was determined (Fig. 11) by using
the monoatomic range data and correcting for density. Density corrections are neces-
sary, of course, since the elements when added together in proper proportion do not
give the true density of the bulk material. The 500-eV data were obtained by extrapo-
lating the available low-energy data. It is important to note that these range data are
for an amorphous material, and the following section emphasizes the importance of
amorphous versus crystalline materials.
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5.1.4 Channeling
It is of interest to determine the possible effects of channeling on proton penetration in
solids. The experimental and analytical data presented in the previous uiscussions
have been directed toward proton penetration in amorphous targets. It is well known
that range distributions in single crystal materials can be different from those in amor-
phou.i materials because particles can travel down a crystal channel with little energy
loss. The possible existence of channeling was first predicted as a result of computer
simulations of ion implantations (Ref. 20) . One of the first experimental determina-
tions of channeling was observed with 75-keV protons transmitted through thin gold
crystals (Ref. 21).
Channeling is of interest here because in reality the ZnO and La 203 materials are not
amorphous targets but rather small crystallites with dimensions on the same order as
the wavelengths of light in the primary solar spectrum. For example, it seems rea-
sonable that particle sizes of ZnO will be 300 nm in diameter, a factor of G greater
than the projected range in amorphous ZnO for 1200-eV protons. Important channeling
effects could possibly extend the range of 1200-eV protons to greater than the particle
diameter, and considering that the majority of protons will not pass through the dia-
meter of the particles but rather through dimensions which are fractions of the diameter,
channeling could have an important effect on the overall projected range of protons in
compacted particulate materials.
Questions to be answered are the following:
• What is the critical angle for channeling?
• If the critical angle is large, what is the expected range of a proton
traveling down a channel?
An initial determination of the critical angle for channeling oc is important because if
this angle is very small, the probability of channeled protons is correspondingly small,
and we have no requirement to calculate the energy loss of a channeled particle.
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Published studies of heavy ion penetrations in solids have indicated that angles of inter-
est for heavy ion penetration are on the order of 1" . See, for example. Ref. 22.)
It should be noted that the angle 0 is the angle that the path of the incoming proton
makes with respect to the channel axis. The largest value that the angle 0 can have
i before the proton can no longer follow an oscillatory path about the channel axis is
called the critical angle for channeling 0 .
Although the theory of Lindhard et al. (Ref. 15) has failed in predicting the absolute
values of Se (E) , it was effective in predicting Sn(E) . A subsequent publication by
Lindhard (Ref. 23) has treated the definition of O C
 and the corresponding Sn(E) and
Se(E) of channeled particles under certain restrictive conditions which will allow use
of the analysis for computing ^, but his boundary conditions eliminate computation
of Se (E) and Sn(E) .
For the proton energies and targets of interest at present, the approximate expression
for 0 < 02 is of direct interest:
Ca	
) 
1/2
	
0+G2 	 d , 7 01
where
2Z1Z2e2
	
0,
	
d
d = constant distance of separation of atoms on a straight line and a is the screening
length of the proton atom interaction, as previously defined. The term C is found to
be equal to J[Y for a good overall fit to
2
g (a) = log (C r a ) + 1
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In its final form, it becomes
2 2	 21/4C a 7 1 ?.2e
OC '127:
	
Ed 	
(la)
For 10-keV protons incident on gold, we find
0
1.8 x 10-7	 (17)c	 d3/4
0
where d is in centimeters, and 0c	3.8" If d = 4 A. Experimental determinations
of 0c
 indicate that C is more nearly equal to 2.15 than to %rN (Ref. 24). Using
C = 2.15 , it is determined that
0c ;: 5.80
which is equivalent to a total acceptance angle of N 12° for a 10-keV incident proton.
Figure 12 indicates the experimental determinations (Ref. 24) and the analytical deter-
minatioas of 0c for low-energy protons in Au and provides verification of the large
angles.
We can now reasonably determine 0c as a function of proton energy, once oc for one
material has been determined, or
1/4
A2Z2
0c ' a Ed 
where A = 0.8853 a0 Z -1/3 . If d is considered approximately equal (a good approxi-
mation considering the goal of these calculations), the following relationships are
obtained:
37
LOCKHEED PALO ALTO RESEARCH LABORATORY
t0CKNEE0,
 M 1 5 Z I L1 S i = ► ACE C0M ► ANV
A 01OU ►
 D IVI SION Of IOCKN110 AIIICIAPT CURPONATION
(18)
Y
r
on
!6-78-68-45
7
6	 (a) <011>
b i
L
1
V 1
1
w
1
U 1
a
w t
a 1
d 9
a
U 8
^ 7a
U
6
5
4
3
2
1
0
10	 15
AVERAGE PROTON ENERGY (keV)
ir.
13
12
11
rMw . 1 0W 
U
a 9
O
04 8
w
a
Cy
 7z
d
►-1 6
d
U 5
a 4U 0
	 5	 to	 15	 0	 5	 10	 15
AVERAGE PROTON ENERGY (keV )
	 AVERAGE PROTON ENERGY (keV )
Figure 12 The Critical Angle for Channeling 0 Shown as a Function of the Average
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the theory by Lindhard with a value of C = 2.15.
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A 2 Z /E1/4
	
0. Difference With
Material	 2	 Respect to -,' old
Au	 1.33	 0
La	 1.30	 2.3%
Ag	 1.28	 3.9%
Cu ( N Z n )	 1.22	 9.0%
!In summary, the total acceptance angle for channeling it expected to be — 32° (0c = 16 0 )
for an incident proton energy of 1000 eV. A 500-eV proton will have nearly the same
0c as a 1, 000-eV proton, whereas a 3, 000-eV proton will have a 0c ^' 0.5 x 0c for
a 1, 000-eV proton.
Channeling is a very important effect for low-energy proton collisions with crystalline
materials such as would compri , 3 thermal control coatings. The problem now is to
determine the Sn(E) and Se(E) for a channeled proton in selected materials.
When computing the total path length of low-energy protons in channels of crystalline
materials, it is realistic to assume that nuclear stopping can be neglecter ► for per-
fectly channeled particles. Therefore, the basic energy-loss eq, iation becomes
_ dx a Se ( E )	 (19)
It is seen that Se(E) cannot be the previously determined S e(E) for amorphous mate-
rials (Fig. 6), since the particle is perfectly channeled. An analysis of Lindhard
(Ref. 23) for determinations of Se (E) for channeled particles indicates that his anal-
yais for Se(E) is only appropriate for particles where v > v  , which is not our
region of concern.
Since Se(E) for channeled protons has not been experimentally determined for solar
wind energy protons, the values of Se(E) must be determined from purely theoretical
grounds, neglecting Lindhard.
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One approach in the energy region of interest here is to use the Firsov formula
(ltcf. 25) for the energy lost per collision, with the (Z 1 + Z 2) term replaced by
(Z' + ZZ) as proposed by E1-hoshy and Gibbons (Ref. 26). The Zi and `Z' (effoctive
Z 1 and Z2 ) are a required addition to the Firsov results in order to allow for the
periodic dependence of the electronic stopping cross section, which depends on the
principal quantum number of the outermost electron orbits. Next, the effective atomic
number that relates to the screening inside the various atoms can be combined with an
approximate estimate of the reduced impact parameter in the Firsov formula to obtain
stopping cross sections that agree well with channeling range measurements:
4.3 x 10 -8 (Zi + ZI)5/3 v
AE' =
	
	
5 eV per collision	 (20)
l + 3.1 x 10 -1 (Z' + Z' )1/3 p,f
where p should be set equal to do  (Ref. 27) for channeling predictions and v is the
proton velocity in centimeters per second.
Once AE I is calculated, we have
rdE1
	
0E'
- i dx / — d
The total range can then be calculated from Eq. (3). The following values of (-dE/dx)
were obtained for a well-channeled 1-keV proton in zinc and lanthanum:
0
Zinc	 0.63 eV/A
O
tnthanum	 0.45 eV/A
G
This compares to 4.6 and 2.1 eV/A for 1-keV protons in anorphous zinc and ianthanum ,
respectively. The total range as calculated from Eqs. (2) and (21) is indicated in
Fig. 13. The channeled proton ranges should be considered only approximate since
the fine details of the zinc and lanthanum lattice structure were not treated in detail.
Available time does not allow a complete treatment of ZnO, and such computations
should certainly be considered of high priority.
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a
Additional factors that can influence radiation effects predictions are as follows:
• Variation in Ed with material and with direction of p	 y proton on crystalline
materials,
8 < E d < 120 eV
with the exact value depending on crystal orientation and material. (See, for
example, Fig. 14.)
• Energy required for electron-hole pair production In semiconductors,
E = EG + 2 E G + r(,KwR)
For example, 9.46 < E < 9.96 eV per e - -hole pair for ZnO.
• Ionization cross sections for electrons in the solar wind = ionization cross
sections for a 100 keV proton.
• Secondary electron emission due to proton impact invalidates neutral beam
concept.
Details concerning the above-stated factors will be presented in a sepQ.rate document.
5.2 EXPERIMENTAL RESULTS
5.2.1 Test Parameters
A summary of all the environmental test parameters and values of a s and A a s for
the in situ tests is given in Table 2. T1.-,.e temperature quoted is that of the sample table
as measured by two thermocouples fixed to the table adjacent to the samples. The
electromagnetic radiation intensity was the equivalent of 4-sun ultraviolet radiation.
The chamber pressure was 5 x 10 -7
 Torr or less for all tests. In situ reflectance meas-
urements over the wavelength interval 0.3 to 2.0 µ were performed for all samples be-
fore an exposure, at the end of an exposure, and at atmosphere pressure tr air after the
exposure;. Pre- and post-test Cary measurements weree made on each sample over the
f
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Table `L
TEST PARAMETERS AND RESULTS
Proton"
Mnlurinl Temperature Fnurly Flux FluenOe Ultraviolet 11111141 In ltllu ^"
FInn1
1'KI (eV) ID/om2-eeol ID/om2► ne na o"
0, I R8 0, O8A 0, 140NwO/K86IO0 268 800 :. 7 x 10 10 4. ! x 10 10 - 0, 130
208 3200 7.0 x 10 10 3.4 x 10 15 - 0. 133 0.147 0.014 0.140
288 1200 6.4 x 10 103 .0 x 10 16 - 0.130 0,143 0.013 0.140
423 1200 6.1 x 10 10 2,1 x 10 15 - 0.130 01140 0.010 0.136
77 1200 6.5 x 10 10 2.1 x 10 15 - 0, 130 0.176 P. 048 0,140
77 1200 2.0 x 10 10 4,6 x 10 15 254 0. 1"'2 0.182 0.069 01161
- - - 254 0, 122 0.145 0.023 0, 120
286 1200 1.6 x 10 10 3.7 x 10 15 260 0.122 0.166 0,044 O. 180
- - - 260 0,122 0.160 0,038 0.132
423 1200 2 x 10 10 4,7 x ; 0 16 269 0.124 01109 0,035
- - - 260 0, 122 0, 144 0, 422 -
Ultraviolet Radiation	 < 0.4y (7-54 Filter)
ZnO/K28103 77 1200 2.2 x 10 10 4.5 x 10 15 230 01130 0,194 01064 0. 167
- - - 230 0.130 01180 0.030 0.141
296 1200 1.8 x 10 10 4.4 x 10 15 270 O. 130 0.181 0,041 0,156
- - - 2"0 0.130 9.170 0.040 0.142
423 1200 2.1 x 10 10 4.7 x 10 15 248 0.130 0,178 0,044 0,160
- - - 248 0.130 01151 01021 0.141
Ultraviolet Radiation > 0.4p (3-73 Filter)
ZnO/K28103 77 1200 2.0 x 1010 4.6 x 10 15 254 0.120 0.160 0,949 0.143
- - - 254 0,120 0.134 0.011 0,129
298 1200 1.9 x 10 10 4.4 x 10 15 260 0.120 0.150 0,030 0,142
•- - - 260 0,120 0.126 0.008 0.120
423 1200 2.4 x 10 10 4.9 x 10 15 230 11.120 0,157 0,037 0,148
- - - 230 0,120 01130 0.019 0,!21
L0203/K28103 209 600 3,7 x 10 10 4.2 x 1018 - 0,093 0.150 0.067 0,094 
298 3200 7.0 x 1010 3.4 x 10 15 - 0.083 01088 0.000 0.0117
298 1200 6.4 x 10 10 2.8 x 10 15 - 0.083 0.100 0.017 P, 997
423 1200 O. 1 x 10 10 2. 1 x 10 15 - 0.080 0.098 0.016 0.079
77 1200 6.5 x 10
1f, 2.1 x 10 15 - 0,083 0.000 0.007 0.090
77 1200 2.0 x 10 15 4.6 x 10 15 254 0,060 0,220 0.160 0.1114
- - - 2P4 0.060 0. 
ISO
01120 0.141
298 1200 1.6)(1010 3.7 x 10 15 260 01060 0,240 0.180 0.195
- - -
260 0.060 0.217 0.157 0.173
423 1200 2 x 10 10 4,7 x 1015 200 0.060 0.300 0.240 0,23P
- - - 260 0.000 0.298 0.23R 0.235
Ultraviolet RFLlation < 0.4µ (7-54 Filter)
+L8203/K28t03	77	 1200	 2.2	 4.5 x 10 15	^30	 0.060	 0.176	 0.116	 0.126-1010
230	 01060	 0.143	 0.083	 0.114
298	 1201	 1.8 x 10 10	4.4 x 1016	270	 0.060	 0.220	 0.160	 0.199
-	 -	 -	 270	 0.660	 0.226	 0.166	 0. ISO
423	 1200	 2.1 x 1010	 4.7 x 10 18	 248	 0.060	 0.307	 0.247	 0.246
-	 -	 -	 248	 0.060	 0.304	 0.244	 0.261
Ultraviolet Radiation > 0.4N (3-73 Filter)
77 1200 2.0 x 1010 4.6 x 1015 284 0.060 0.080 0,020 0.078
- - - 264 0.060 0.078 0.018 0.070
298 1200 1.9 x 10 10 4.4 x 1016 260 0.060 - - 0.090
- - 260 0.060 - - 0.OR6
423 1200 2.4 x 10 10 4.9 x 10 18 230 0.060 0.092 0.032 0.081
- - - 230 0.060 0.089 0.029 0.076
11
I
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wavelength inte^wal 0.3 to 2.0 p. In every instance the in situ post atmospheric meas-
urements agreed to within 3% of the post-Cary measurements.
5.2.2 Pumpdown Effects
Recent experiments carried out in this Laboratory on the effects of ultraviolet irradia-
tion on ZnO (Ref. 28) have shown that ion bombardment (during pumpdown) has a very
significant influence on the surface stability of sintered ZnO. With this phenomenon in
mind, a preliminary pumpdown experiment was carried out in the Lockheed portable
ultraviolet in situ apparatus (Ref. 29). Prior to pumpdown, the reflectance of both the
ZnO/K 2SiO3 and the La203/K2SiO3 was measured in situ and again after pumpdown.
No change was observed in the ZnO/K 2SiO3 system, suggesting that encapsulation of
the pigment with the potassium silicate has afforded protection to the coating. The
La203/K2SiO3 system, however, showed a marked decrease in reflectance over the
wavelength region 0.3 to 0.5 p (Fig. 15), accompanied by an increase between 1.6 and
2.0 µ. In the case of the La 203/K2SiO3 , therefore, the magnitude of this change should
be borne in mind when interpreting the damage suffered in the environments simulated
during th; ^ work.
5.2.3 Low-Energy Proton Bombardments
To perform the requirements of the experimental program, certain modifications of
the electronic subsystem of the bidirectional fiber optics system were necessary, as
well as installation of the proton mass analyzer unit. As a consequence of these changes,
a series of preliminary experiments was performed to test the reliability of the system,
namely, a proton energy and fluencu- dependency study at ambient temperature. Four
energies were chosen: 250, 500, 1,200, and 3,200 eV. For all of these energies,
although the pre- and post-test Cary measurements were in excellent agreement
(Table 3) from the point of view of the changes in the solar absorptance (Acs s ) as a
function of proton fluence for any one energy level, the in situ measurements indicated
an increase in spectral reflectance over certain regions of the spectrum for both mate-
rials. (See Second Quarterly Report.)
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Table 3
OPTICAL DAMAGE AS A F T INCTION OF PROTON ENERGY AND FLUENCE
AT AMBIENT TEMPERATURE (298°K) FOR ZnO/K2SiO3 AND La203/K2SI03
Material Energy(eV)
Flux
(p/cm 2 -sec)
Fluence
(p/cm 2 )
Initial
as
Final
as A as
ZnO/K28103 250 9 x 109 1.1 x 1014 0.133 0.136 0.003
1.3 x 10 i0 1.9 x 1014 0.03 0.136 0.003
500 5 x 10 10 3.5 x 10 15 9.133 0.135 0.002
4.5 x 10 10 5.5 x 10 15 0.133 0.164 0.029
1200 2.1 x 1011 3.2 x 10 16 0.133 0.261 0.128
1.9 x 10 11 4.4 x 10 16 0.133 0.300 0.167
3200 2 x 1011 1 x 10 16 0.133 0.198 0.065
2.4 x 10 1 1 2.6 x 10 16 0.133 0.266 0.133
2.1 x 10 11 3.1 x 10 16 0.133 0.266 0.133
2.5x10 11 3.3x1016 0.133 0.266 0.133
2.6 x 10 11 1 x 10 17 0.133 0.421 0.288
La203/K23iO3 250 9 x 109 1.1 x 1014 0.083 0.086 0.003
1.3 x 10 10 1.9 x 10 14 0.083 0.090 0.007
500 5 x 10 10 3.5 x 10 15 0.083 0.086 0.003
4.5 x 10 10 5.5 x 1015 0.083 0.095 0.012
1260 2.1 x 10 11 3.2 x 1016 0.083 0.097 0.014
1.0 x 1011 5.5 x 10 16 0.083 0.098 0.015
3200 2 x 1011 1 x 1016 0.083 0.096 0.013
2.4 x 1011 2.2 x 10 16 0.083 0.098 0.015
2.1 x 1011 2.6 x 10 16 0.083 0.095 0.012
2.5 x 1011 3.1 x 1016 0.083 0.096 0.013
2.6 x 1011 1 x 10 1 "o 0.083 0.097 0.014
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In gencrul, the results indicate a bidirectional reflectance increase tit wavelengths
shorter than 0.7 p which was somewhat more pronounced for La 203/K2Sio3 than for
7.110/K 2SiO3' Since the post-Cary measurements on both materials did not show this
effect, it was considered possible that the increase was due to either a geometry factor
associated with the fiber optics system or an induced luminescence.
Silicate bearing materials are known to luminesce under the influence of low-energy
protons (Ref. 30) with the intensity and spectral distribution varying from material to
material. Almost all the primary intensity of the emitted photons, for all related
materials, is in the wavelength region 0.4 to 0.8 µ. Another possible explanation for
the discrepancy between the in situ and Cary measurements may well be the difference
that exists in the geometry of the two optical systems. The disparity could be explained
on the premise that any change in the coating surface due to bombardment, such as the
refractive index, could possibly manifest itself as a change in the spectral distribution
of the reflected light. Under such conditions, the in situ fiber optics arrangement may
be more susceptible to such a change if the change is an increase in specularity, since
the system collects the reflected signal over a definite solid angle (determined by the
angle and proximity of the two quartz light-pipes).
Since it was eacier, using existing equipment, to investigate the possible changes in
specularity as opposed to induced luminescence, a test was set up using a Perkin-
Elmer Model 13 spectrophotometer and the detector facilities of a Gier-Dunkle inte-
grating sphere. (See Fig. 16.) The experimental layout approximated the 45° angle
of incidence and reflectance of the fiber optics system. The acceptance cone, however,
was greatly reduced in the test setup, since the photometer/lead sulfide detectors were
approximately 1 ft from the samples. A ZnO/K 2SiO3
 sample, a La203/K2SiO3
 sample,
and control sam ,?les of ZnO were used in the test. Measurements were made at the
specified angle on both the ZnO/K 1SiO3 and La203/K24iO3
 specimens before exposure
to 3, 200-eV protons at a total integrated flux of 1.4 x 106 p/cm 2 . Subsequent post-
test measurements showed no damage in the near infrared region for the ZnO/K2SiO3
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TEST SAMPLE
Figure 16 Modified Perkin-Elmer Spectrophotometer System
sample, with measurable damage in the ultraviolet and visible wavelength portion
(Fig. 17). Post-test total hemispherical reflectance measurements show damage in
the near-infrared and ultraviolet that is of such magnitude as to cancel completel • the
increase in spectral reflectance. The post-test total hemispherical reflectance meas-
urements were made in the normal manner using a Gier-Dunkle integrating sphere
attachment at an angle of incidence of 450 . Similar effects were observed with the
La203 /K2S103
 material (Fig. 18), but in this case since the coating is not susceptible
to proton damage in the infrared region, values of specular reflectance after bombard-
ment were, for some wavelengths, as much as 10 —15% above the initial pre-test read-
ings. The spectral readings on the two control samples using the modified setup were
within 2%A of each other.
1
of	 se experimental findings, a decision w	 d oAs a consequence the expo i enta,l in ings, a ecisi n as made t replace the
in situ bidirectional fiber optics system with an in situ integrating sphere attachment
and associated optics.
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The proton energy dependence studies were repeated at three energy levels, 500, 1, 200,
and 3,200 eV at ambient temperature. On completion of these experiments, the optical
damage as a function of substrate temperature at a chosen energy level, namely, 1, 200
eV, was investigated. The temperature levels chosen were 77*, 298*, and 423°K.
Table 2 lists the test parameters and results from this series of exposures; in Figs. 19
through 28 the results are represented graphically for both the ZnO/K 2SiO3 and
La.203/K2SiO3 materials.
5.2.4 Singular and Combined Environments
One test sample of each material was exi ,osed simultaneously to ultraviolet-only and
proton-plus-ultraviolet environments. A Lockheed OSR was also exposed to each en-
vironment as a contaminant monitor. The proton eriQrgy chosen for the combined-
environments exposures was that considered representative of the solar wind,
namely, 1, 200 eV. The proton flux varied from 1.6 x 10 10 to 2.2 x 10 10 p/cm L . The
solar electromagnetic radiation was maintained at a 4-sun (ultraviolet radiation) in-
tensity level throughout all the exposures. In the exposures where the solar radiation
was filtered, it should be remembered that the percent-transmittance of the filters was
approximately 90% so that the solar absorptance values quoted in Table 2 should be
corrected accordingly. The temperature dependency studies were carried out at the
same temperature levels as before: 77°, 298 , and 423 0K. All exposures were suc-
cessfully performed with the exception of the exposure for ZnO/K 2SiO3 at 423°K, when
both samples cracked during the post-test Cary measurements, and also that for
La203/K2SiO3 at 298% with solar radiation greater than 0.4 µ, when a failure in the
electronic subsystem resulted in data that were considered doubtful and therefore can-
not be presented with any degree of confidence.
The transmission characteristics of the two color glass filters used during the exposures
were measured before and after each series of experiments. In the case of the 3-73
filter, which allows transmission of radiation greater than 0.4 µ, no change in trans-
mission characteristics occurred. However, with the 7-54 filter which transmits only
radiation below 0.4 µ, a small change in transmission properties occurred, as is
52
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evident in rig. 29. The reason for such a change is probably a poor thermal contact
between the filter and the water-cooled copper holder, thereby allowing localized over-
heating of the filter.
The results of the singular and combined environments experiments are listed in
Table 2. In Figs. 1 0 through 41 the change in reflectance as a function of the various
test parameters is presented graphically. These exposures were chosen as repre-
sentative of the overall picture 'of the change in optical characteristics of the two mate-
rials. It was considered both too repetitive and unnecessary to reproduce every
exposure result in graphical form.
5.2-116'. Zinc Oxide and Potassium Silicate Exposures
In the light of the experimental data generated for the ZnO/K 2 SiO3 material, a series
of preliminary exposures were performed in pressed powder samples of ZnO (SP500)
and thin films of potassium silicate cast on polished aluminum discs. The experimen-
tal parameters and change in reflectance as a function of wavelength are given in
Figs. 42 through 47.*
5.2.6 Emittance Measurements
As called for in the experimental program, emittance measurements were performed
on certain targets exposed to proton-only, proton plus-ultraviolet, and ultraviolet-
only environments. In all cases the measurements were made at room temperature
(^- 298°K) using the Lion Research Corporation optical surface comparator. The change
in emittance of approximately 0. 02 from the original value of 0.90 was considered so
insignificant that no additional measurements were made on either material.
*a s and a 2 , solar absorptance values obta, ined by integration of spectral reflectance
curve inc^uding and excluding the visible luminescence peak, respectively.
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Section a
DISCUSSION OF RESULTS
Of fundamental importance in this experimental investigation was the significance of
exposure temperature in the annealing or enhancing of particulate radiation - induced
damage and also the importance of solar spectral distribution for the bleaching of
particulate radiation -induced absorption bands. Considering the results of the proton-
only studies, the salient experimental fact is that both the ZnO/K 2S1O3 and I.a 203 /
K 2 SiO 3 undergo damag%; (as measured in situ) but recover to some extent upor , L'.rn
to atmospheric conditions. This phenomenon was observed for each energy and tem-
perature condition investigated. In the temperature dependency study the ZnO /K2Sio3
exhibited a greater amount of damage at the lowest temperature (77'K), while the
La203/K2 SiO3 material appeared to be almost temperature insensitive over the tem-
perature range studied, 77) to 423 ° K. Allowing for the slight variation in total inte-
grated flux, both materials suffered increased damage at the lower bombarding energy
(500 eV), at ambient temperature.
Changes in the solar absorptance Oa s as a function of the total integrated proton flux
are given in Table 3 for both ZnO/K2SiO3 and La203 /K2SiO3 . These results are based
on pre- and post-test Cary measurements i,-dc in air at room temperature. An in-
crease in the total integrated flux by a fact ^ of 1.0 has no significant effect upon the
La203/K2SiO3 for a proton bombarding energy of 3200 eV. Such is not the case for
the ZnO/K2SiO3 , which exhibits a marked change in solar absorptance as a function of
the proton fluence. In Fig. 48 a plot of the change in solar absorptance as a function
of the integrated flux for ZnO/K2SiO3 is prebented , in which the present data are com-
pared with the published data to date (Ref. 31). The results are in good agreement
. considering any possible discrepancy due to different flux rates.
The behavior of the ZnO/K2SiO3 under the influence of electromagnetic radiation is of
particular interest in that it suffers a measurable amount of damage, which appears
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to disa!--ree with the findings of other workers (Ref. 28) . These investigators showed
that encapsulation of the ZnO pigment particle with K2SiO3 affords complete protec-
tion to the pigment. The question, then, is why ultraviolet degradation was observed.
The reason appears to lie in the method of material preparation, as described in
Sections 3.1 and 3.2, from which it can be calculated, based upon the assum ption of
a 10% retention of the silicate by the pigment particles, that the thickness U the sili-
cate coating is 40 A and 500 A for the Zn0 and La 203 , respectively. If this is indeed
the case, then the ZnO /K2SiO3 material used in this study cannot be compared with
either that used by other investigators or the Z-93 (ZnO /K2S103) paint used by many
others, since both of these materials have a much thicker protective coating of sili-
cate. Based on this premise, it may be postulated that the apparent stability of the
La203/K2SiO3 in the proton -only environment is due to the thick protective silicate
coating (— 500 A) . In the ultraviolet radiation environment where the La203/K2S103
undergoes drastic degradation, it is thought that this is due to the formation of lanth-
anum hydroxide [ La(OH ) 3 I during the preparation of the La 203/K2SiO3 . The pump-
down effect described in Section 5.2 seems to support this theory, since the change
in the reflectance is thought to be the result of moisture desorption. That the
La203/K2SiO3 was more susceptible to electromagnetic radiation damage than the
ZnO/K2SiO3 is in agreement with the findings of Holland (Ref. 32) , who used an
almost identical material. Both the ZnO/ K2SiO3 and the La203 /K2SiO3 exhibited a
greater increase in absorptance when exposed to ultraviolet radiation of less than 0.4 p
than when exposed to that greater than 0.4 p . These results are consistent with those
reported by Arvensen (Ref. 33) and others (Refs. 34, 35) , who found that induced de- 	 I
gradation of various thermal conl^ ,rol coatings was wavelength dependent, with the
damage increasing as the wavelength of the incident radiation decreased. Although
there was very little change in Oa s for the ZnO/K2SiO3 at the three temperature	 J
levels, the La203/K2SiO3 exhibited a definite temperature dependency with an in-
crease in absorptance at the higher temperatures.
On exposure to the combine(i environments (proton-plus-ultraviolet) , the ZnO/K2SiO3
behaved as it did under a proton-only environment in that it experienced the greatest
amount of damage at the lower temperature. With the La. 203/K2SiO3 where the amount;
._	 11
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of degradation due to proton-only is so insignificant in comparison to that for
ultraviolet-only, the overall behavior under combined environments is governed
completely by the ultraviolet degradation. A point of major interest in the combined
environments results is the increase in reflectance which both materials exhibit in
the visible region of the spectrum. Since both pigment particles are encapsulated :n
the K2SiO3 binder, there is little doubt that this increase was associated with the
11 ninescJ ng characteristics of the silicate. Nash (Ref. 30) has demonstrated con-
clusively that silicate-bearing materials tend to luminesce under the influence of
low-energy protons, with almost all the primary intensity of the emitted photons in
the 0.4 to 0.8p region. Why we did not observe this phenomenon in the proton-only
experiments is not understood at this juncture in the program, although as already
discussed in the case of the ZnO/K2SiO3 9 the K2SiO3 coating is very thin and there-
fore very little of the proton energy is dissipated in the layer, whereas in the com-
bined environments the luminescence appears to be enhanced in the vacuum.
Based on the limited amount of data generated in the experimental program, a com-
plete analytical treatment of the damage mechanisms responsible for the change in
the optical characteristics of the two materials under investigation is impossible.
Howe,,.,r, , it is felt that a phenomenological model for low-energy proton-induced
optical degradation is possible. For the case of zinc oxide, samples of potassium
silicate coated ZnO and untreated SP-500 respond nearly identically to low-energy
protons, indicating that the silicate coating is very thin and does not appreciably
affect the stopping process. From these considerations and the fact that the samples
used in this study were closely packed powders, the geometry of the samples can be
approximated as continuous strata of ZnO, as shown below.
1st Layer of Zn0/K2SiO3 Particles
2nd Layer
3rd Layer
Since optical damage is generated exclusively in the outermost film, the optical
properties of the system can be analyzed in terms of an absorbing film on a reflective
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substrate represented by the undegraded ZnO. For the initial case (undegraded Zn0),
the reflectance at a given wavelength is governed by the scattering properties of the
ZnO powder compact. However, under proton irradiation, the outer layer of particles
shows an increase in absorption coefficient. The normal reflected intensity from this
system (Ir ) can be represented as
(Ir )A _ (Io )A a-2a^d
where
(1r )X = reflected intensity at wavelength A
1  = incident intensity at wavelength A
a  = absorption coefficient at wavelength A
d = proton range (damaged layer thickness)
The fatter 2 in the exponential term arises from the fact that the light rays traverse
the damaged layer twice (i.e. , entering and leaving the system) . The primary un-
known in this expression is the absorption coefficient a. . However, the character
of the proton-induced absorption in ZnO powders is very similar to the so-called "b"
absorption band in ZnO single crystals produced by heating in zinc vapor. Scharowsky
(Ref . 36) , has measured this absorption coefficient and calculated the corresponding
number of absorption centers in the concentration range 6.6 x 10 17 — 6.8 x 1018
centers/cm3 . Graphic extrapolation of these data to the higher defect concentrations
generated by low-energy protons, therefore, allows for the direct calculation of
proton-induced absorption in the ZnO powder system.
JJI
The defect concentration is calculated from the ratio of the proton fluence to the pro-
jetted range , assuming a value for 0 , the yield of defects per proton:
(fluence)
[C]- (projected range)
LOCKHEED PALO ALTO RESEARCH LABORATORY
LOCKHEED MISSILES & SPACE COMPANY
A GROUP DIVISION OF LOCKHEED AIRCRAFT CORPORATION
6-78-68-45
The corresponding absorption coefficient is determined graphically and the resultant
reflectance at A ,
R _ (Ir ) A = e-2ad
is computed.
The results of such a series of computations are shown in Fig. 49 for values of
between 0.1 and 1.0 where A = 4500 A and d = 500 A. Also presented in Fig. 49
are the experimental results obtained at several proton energies for both untreated
and silicate-coated ZnO powders. Excellent agreement is affirmed between the ex-
perimental data and the calculated curve for the case of 0 = 1/3. This agreement
does not necessarily suggest that the yield of defects per proton has the absolute value
of 1/3, since Scharowsky's data results probably have an uncertainty no better than a
factor of 5. However, the correspondence between the experimental and calculated
curves definitely establishes that self-annihilation of defects does not occur (i.e. ,
0 = constant) up to the limits of the experimental proton fluences (1 x 10 17 protons/
cm2 ). If such annealing processes by near neighbor defects were to occur, the exper-
imental data would tend to fall progressively below the calculated curves with increas-
ing proton fluences . For the highest fluence (1 x 10 17
 protons/cm 2) projected range
of 5 x 10 -6
 cm and 0 = 1/3, the calculated defect concentration in the damaged layer
corresponds to 6.7 x 10 21
 defects/cm3
 or greater than 15% of the ZnO lattice sites.
The consistency between untreated and silicate-treated ZnO damage tends to affirm
the assumption that the potassium silicate film on the Zn0 particles used in this study
is so thin as not to affect the proton range. The absence of an energy dependence on
the damage at the 4500 wavelength is consistent with the geometrical model shown
on Fig. 49. The proton energy enters into the calculation via the projected range,
which determines the defect concentration and the absorption coefficient a . A de-
crease in the defect concentration associated with greater proton energy is compen-
sated by an increased range d which enters the calculation in the term 2ad . This
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model has general applicability to powder systems and heavily pigmented paints in
which the pigment particles have diameters greater than the projected proton range
and defect absorption coefficients are well defined.
Pertinent to a discussion on a damage model for ultraviolet degradation is the fact
that it is well known that encapsulation of the ZnO pigment particles with potassium
silicate binder inhibits almost all the ultraviolet degradation experienced by uncoated
ZnO. The La203/K2SiO3 system, however, has received no detailed investigation,
and at this time it is virtually impossible to attempt any definition of a working dam-
age model. Miller et al. (Ref . 37) , in preparing a new type of nonstoichiometric rare -
earth oxide found that partially reduced La203 was colored and associated this with
the generation of oxygen vacancies. The color they obtained was very similar to that
produced on exposure of the La203/K28iO3 to ultraviolet radiation. It has also been
shown (Ref. 38) that the same coloration for reduced La 203 bleached upon exposure
to air, a fact also witnessed by ultraviolet-degraded La 03/K28iO3.
It is apparent from the results of this study that while the K 2SiO3 binder has afforded
the ZnO a great deal of protection, a measurable amount of recoverable damage still
occurs. The magnitude of this damage may well be due to the method of preparation
of the ZnO/K28iO3 or in the process of making the pressed-powder samples .
	 I
Greenberg et al. (Ref. 28) , have shown that both of these effects do have an important
impact on the inherent stability of the material. The profile of the damage curve is
very much like that obtained for ZnO, with two well-defined regions. These are the
infrared region and the visible region near the absorption bane edge. The theory put
forward describing radiation damage to the optical properties of ZnO ps --titles (Ref .
28) indicates that the damage is a result of radiation-induced holes liberating oxygen
from the surface of the particles. In the case of the infrared damage, it is thought
that the oxygen vacancies thus created (in addition to preexisting oxygen vacancies)
trap electrons when the Fermi level is above these states. It is the excitation of these
electrons to the conduction band thatf, provides the absorption in this spectral region.
In the case of the visible damage, the mechanism has not been made as explicit, al -
though the damage appears to be a result of excess zinc on the surface diffusing into
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the particle. The stabilizing effect of the potassium silicate is confined to the surface
of the particle, consistent with the lack of oxygen desorption since no ultraviolet de-
gradation ie experienced.
The results of the preliminary experiments carried out on the ZnO (SP-500) and the
K2SiO3 films cast on the polished aluminum were consistent with those obtained for
the ZuO/K2SiO3 material used in this program. The ZnO underwent damage in all
three environments but recovered to some degree upon admission of air. The
ultraviolet-only re,3ults were in agreement with those obtained by other investigators
(Ref. 28) in that the damage was confined to two regions of the spectrum, namely, the
Infrared and the visible region near the absorption band edge. The overall picture
for the combined environments was similar to that obatined for the electromagnetic
radiation exposures. In the proton-only exposures the results were compatible with
those for the ZnO/K2SiO3 material. The latter observation support the claim already
made that the K2SiO3 coating on the ZnO/K2SiO3 material is so thin that essentially
none of the proton energy is lost in passing through it, except perhaps in the case of
the 500 eV bombardment which may account for the observed increase in damage in
both the ZnO/K 2SiO3 and the La203 /K2SiO3 materials. In considering the results of
the K2SiO3 films, the main point of interest is the relatively small amount of damage 	 J
experienced by the film and also the observed increase in reflectance due to the lum-
inescence of the silicate in the proton-only and combined environments. There is
also a small increase between 1.0 and 2.0 µ which is attributed to the desorption of
water from the film surface under the influence of the vacuum.
No attempt will be made at this time to postulate a damage model consistent with the {
combined environments degradation results. It is felt that a more exhaustive and
detailed experimental study is necessary to produce the information required to
clearly define the exact damage mechanisms and color center formations associated
with the materials under investigation. Work along these lines is underway at the
Hughes Research Laboratories (Ref. 39), from which it is hoped that a model of
radiation-induced color center kinetics in inorganic white solids may be postulated.
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Section 7
CONCLUSIONS AND RECOMMENDATIONS
7.1 CONCLUSIONS
Two sets of conclusions arc to be drawn from this study, those arrived at as a result
of the experimental program and those pertinent to the theoretical aspect of the study.
In considering the experimental results, the following conclusions may be drawn:
• The ZnO/K2SiO3 material, as prepared for use in this program, experiences
degradation in all the environments in which it was tested. This optical damage
recovers to some degree upon return to atmospheric conditions. Thera; is
evidence that the method of material preparation has definite effects upon the
environmental stability of the samples. In the proton-only environment, the
damage is both temperature and energy dependent, with the greatest amount
witnessed at the lower energy and temperature. The magnitude of the damage
is also dependent upon the proton fluence with a damage threshold at approxi- 	 M
xnately 10 15 p/cm 2 . The La203 /K2SiO3 also exhibited a recovery phenomenon
and was less susceptible to proton damage than the ZnO/K2SiO30
• Under the influence of electromagnetic radiation, the La 203 /K2SiO3 is more
susceptible to ultraviolet radiation damage than the ZnO/K2SiO3 . Both	
1materials experience more damage when exposed to electromagnetic radiation;
less than 0.4 µ than to radiation greater than 0.4 p.
• In the combined proton-plus-ultraviolet environment, the behavior of the
ZnO/K2SiO3 is similar to that in the proton-only environment. So drastic
is the ultraviolet-only degradation for the La 203 /K2SiO3 that it completely
dominates the combined environments picture. Both materials exhibit an
apparent increase in reflectance in the visible region of the spectrum,
associated presumably with the luminescence of the silicate binder.
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• The behavior of the ZnO(SP 500) samples in all three environments is consistent
with the results obtained by other investigators and is compatible with the
ZnO/K2SiO3
 results. Interesting points worthy of note concerning the K2S103
films are their relative stability in all environments and the occurrence of
the reflectance ; peak (as measured in situ) associated with the silicate lumi-
nescence characteristics.
• The phenomenological model of low-energy proton damage to ZnO indicates that
there is little or no self-annealing of proton-generated defects for proton
fluences up to 10 17 p+/cm 2 . The defect concentration appears to exhibit a
growth that is first order with respect to proton fluence.
• The ultraviolet radiation induced degradation of La 203 /K2EiO3 is most likely
associated with a hydrous oxide layer formed during treatment of the La203
with aqueous potassium silicate.
• The greater resistance of La203 /K2SiO3 to proton damage, compared with
ZnO/K2SiO3 9 may be associated with the much larger particle size, resulting
in a significantly thicker silicate coating around each oxide particle. This,
however, has not been conclusively demonstrated due to the poor handling
characteristics of untreated La203.
• Emerging from the theoretical aspects of the program is the fact that realistic
projected ranges for protons of energy > 1 keV in most all materials can be
determined based on a detailed analysis of a limited amount of experimental
data on a few materials. The only theoretical predictions that are appropriate
for use in assisting range determinations for amorphous materials are those
for the nuclear stopping cross-section Sn(E) . For crystalline materials, the
theory of Lindhard can be used to obtain a good approximation of the critical
angle for channeling Oc . However, the Firsov formulas for energy lost in
collie ion, as modified by El-hoshy and Gibbons, must be used to predict the
energy loss of a channeled proton. For protons stopped in pigment particle,
the atomic displacement damage will be less importa.it  than for amorphous
target materials, because of the exceptionally large acceptance angles for
proton channeling which results in proton stopping being dominated by S e (E) .
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A theoretical approach to determine the relative importance of the various
proton-induced alterations is material physical (atomic displacement) and
electronic structure on the optical properties of materials must be under-
taken if progress is to be made in selecting optically stable materials.
• The lack of detailed knowledge of the nature, concentration, and distribution
of ultraviolet and proton radiation generated defects in the materials investi-
gated precludes the rigorous use of alkali halide type color center theory for
describing bleaching and annealing mechanisms.
7.2 RECOMMENDATIONS
• Since there exists u damage model for the effects of electromagnetic radiation
on ZnO (SP500), it is recommended that a study be conducted to detail the
damage mechanisms associated with low-energy protons in ZnO. Such a
program should entail a proton energy, flux, fluence, and exposure tempera-
ture dependency study.
• If it is felt that a realistic thermal control system such as the ZnO/K2SiO3
must be investigated, then a similar study as outlined above should be carried
out for the potassium silicate binder by itself and then performed on the
binder/pigment system.
• The effects of various thicknesses of silicate binder in affording protection
to the pigment particle should be investigated since it is felt that the ZnO
particle can be stabilized in the proton environment by this technique.
• Using the in situ measuring technique, investigation of the threshold energy
for various oxides should be made for a proton or electron environment, so
as to generate data pertinent to a damage mechanism model.
• A more detailed combined proton-plus-ultraviolet study should be initiated
in an attempt to understand the bleaching mechanism associated with color
center formation and annihilation.
• Further theoretical studies should be undertaken to perform detailed calcula-
tions of low-energy proton channeling in candidate thermal control materials
and in selected materials of interest for basic studies (i.e. , germanium).
84
LOCKHEED PALO ALTO RESEARCH LABORATORY
L O C K N E E 0 M 1 S s 1 l E S a S P A C E C O M  A N V
A GROUP DIVISION OF IOCIIN110 AIRCRAFT CORPORATION
a6-78-68--15
Predictions of energy loss in electronic and nuclear collisions and predictions
of numbers of electron-hole pairs and atomic displacements produced per
Incident proton are meaningless unless one can also predict the effects of
these "defects" on the optical properties of materials. The proper approach
is to calculate the possible resultant optical defects starting with an ideal
material and than introducing the appropriate defects. Only then can one
state the relative importance of defects in various materials.
t
t 1
95
LOCKHEED PALO ALTO F ,.'SEARCH LABORATORY
t0CKNEEO M I S S I t I I & SIFACE C0M ► ANT
A GROUP DIVISION OF IOCKNEEO AIRCRAFT CORPORATION
i1
6-78-66-45
Section 8
REFERENCES
1. Breuch, R. A. , Bell, G. A., and Douglas, N. J., Temperature Control Coat-
ings for Cryogenic Temperature Substrates, AFML-TR-66-10, Pt. I1, Nov 1967
2. Bailin, L. J., Production of High-Purity Thermal Control Coatings. AFML-
TR-68-70 1 1967
3. Snyder, C. N. , Neugebauer, M., and Rao, U. R., "The Solar Wind Velocity
and Its Correlations With Cosmic-Ray Variations and With Solar and Geomag-
netic Activity, " J. Geophys . Res. 68 , No. 24 (1963)
4. Dessler, A. J., and Maer, K., J. Geophys. Res. 69, No. 13 (1964)
5. Morita, K. , Akimune, H. , and Suita, T. , "Stopping Cross-Sections of Metallic
Films for Projectile of Low Energy Proton," J. Phys . Soc . Japan 22, 1503
(1967)
6. Whaling, W. , "The Energy Loss of Charged Particles in Matter," Handbuch der
Physik XXXIV, Vienna (1958)
7. Zarutskii, E. M. , "Penetration of Hydrogen Ions into Copper," Soviet Physics --
Solid State 9, No. 5, 1172 (1967)
—
8. Gott, Y. V. , and Tel'kovskii, "Deceleration of Slow Hydrogen and Deuterhim
Ions in a Thin Silver Foil," Soviet Physics-Solid State 9, No. 8 (1968)
9. Ormrod, J. H. , and Duckworth, H. E. , "Stopping Cross Sections in. Carbon for
Low-Energy Atoms With Z < 12," Can. J. Phys . , 41, 1433 (1963)
10. Wax, R. L. , and Bernstein, W. , "Energy-Dependent Detector for 'Dotal Hydro-
gen Fluxes in the Range 1-10 keV for Space and Laboratory Applications ,
Rev. Sci. Instr. 38, No. 11, 1612 (1967)
11. Wax, R. L. , private communication, Mar 1968
96
LOCKHEED PALO ALTO RESEARCH LABORATORY
t O C K N E E 0 M I S S I l E 5 & 3  A C E C O M P A N Y
A GROUP DIVISION OF IOCKNEEO AIRCRAFT CORPORATION
r0
A6-78-68-45
12. Wijngaarden, A. V., and Hastings, L., "The Deterioration Depth in ZnS:
Ag Under Prolonged Bombardment by Heavy Ions," Can. J. Phis. , 45, 2239
(1967)
13. Wijnga , rden, A. V., and Hastings, L., "Radiation Damage in ZnO: Zn by
Heavy Ions," Can. J. Phys. ,45, 3803 (1967)
14. Hastings, L., and Wi jngaarden, A. Van, "The Energy Loss, the Deterioration
Depth and the Light Output for Heavy Ions in ZnO:Zn, 11
 Can. J. Phys., 45,
4039 (1967)
15.	 Lindhard, J. , Nielsen, V. , Scharff, M. , and Thomsen, P. V. , "Integral
Equations Governing Radiation Effects, " Mat. Fys . Medd . Dan. Vid . Selsk. 33,
No. 10 (1963)
16. Hastings, L. , private communication, Mar 1968
17. Schiott , H . , "Range Energy Relations for Low Energy Particles, With Detailed
Study of Light Ions in Heavy Substances," Mat. Fys . Medd . Dan. Vid . Selsk 35,
No. 9 (1966)
18. Freeman, N. J., aind Latimer, I.D., "The Ranges of 5-80 keV Deuterium Ions
in Gold and Aluminum," Can. J. Phys. 46, No. 6, 467 (1968)
19. Janni , J. F . , "Calculations of Energy Loss, Range, Pathlength , Straggling,
Multiple Scattering, and the Probabi .cy of Inelastic Nuclaar Collisions for 0.1
to 1000-MeV Protons," AFWL-TR-65-150, Sep 1966
20. Robinson, M. T., and Oen, O. S., "Computer Studies of the Slowing Down of
Energetic Ions in Crystals," Phys. Rev. 132, 2385 (1963)
21. Nelson, R.S. , and Thompson, M. W. , "TEe Penetration of Energetic Ions
Through the Open Channels in a Crystal Lattice," Phil. Mag. 8, 1677 (1963)
22. Days ;,s , J. A . , and Whitton, J. L. , "Channeling of MeV Projectiles in Tungsten
and Silicon," Phys. Rev. 165, ;Zio. 2, 345 (1968); see also Eriksson, L. , Davies,
J. A. , and Jespersgaad , P. , "Range Measurements in Oriented Tungsten Single
Crystals (0.1-1.0 MeV), Phys. Rev. 161, No. 2, 219 (196")
97
LOCKHEED PALO ALTO RESEARCH LABORATORY
l O C K N E E D M 1 S S 1 t E S & S P A C E C O M P A N Y
A OROUI DIVISION OF LOCKHEED AIRCRAFT CORPORATION
•4
6-78-68-45
23. Lindhard, J. , "Influence of Crystal Lattice on Motion of Energetic Charged
Particles," Mat. Fys . Medd . Dan. Vid . Selsk . 34, No. 14 (1965)
24. Andreen, C. J., and Hines, R. L. , "Critical Angles for Channeling of 1- to
25-keV H+, D + , and He + Ions in Gold Crystals," Phys. Rev. 159, No. 2, 285
(1968)
25. Firsov, O. B., "A Qualitative Interpretation of the Mean Electron Excitation
Energy in Atomic Collisions," JETP 36, 1076 (1959)
26. El -hoshy, , A. H. , and Gibbons, J. F . , "Periodic Dependence of the Electronic
Stopping Cross -Section for Energetic Heavy Ions in Solids, " Phys . Rev. 173,
No. 2, 454 (1968)
27. Gibbons, J . F . , "Ion Implantation in Semiconductors — Part I, Range Distribu -
tion Theory and Experiments," Proc. IEEE 56, No. 3, 295 (1968)
28. Zerlaut, C. , Progress in Astronautics and Aeronautics, Vol. 20, p. 349 (1967):
Greenberg, MacMillan, and Sklensky, Final Report, NASA Contract NAS 8-18114,
Feb 1968
29. McCargo, M., and Breuch, R. A., NASA Contract NAS 2-4353 3rd Quarterly
Report
30. Nash, D. , "Proton-Irradiation Darkening of Rock Powders: Contamination and
Temperature Effects, and Applications to Solar Wind Darkening of the Moon,"
J. Geophys. Res. 72, No. 12 (1967)
31. Streed, E. R., "An Experimental Study of the Combined Space Environmental
Effects on a Zinc Oxide/Potassium Silicate Coating," AIAA Thermophysics
Specialist Conference, New Orleans, Apr 1967
32. Holland, W. R., Final Report, NASA Contract NAS 2-3646, Dec 1967
33. Arvensen, J. C. , AIAA Thermophysics Conference, New Orleans, Apr 1967
34. Spicer, W. E. , NASA Contract, Report NASA SP-71, 1964
35. Olson, R. L. , McKellar, L. A. , and Steward, J. V. , NASA Contract , Report
NASA SP-55, 1965
98
LOCKHEED PALO ALTO RESEARCH LABORATORY
L O C K H E E D M I S S I L E S 6 S P A C E C O M P A N Y
A GROUP DIVISION OF IOCKNEED AIRCRAFT CORPORATION
x
a
r4
6-78-68-45
36. Scharowsky, , E . , J. fUr Physik 135, 318 (1953)
37. Miller, A. E. et al . , J. Inorg. & Nucl . Chem. 27, 1955 (1965)
38. Muller, H. K. et al., J. Inorg. & Nucl. Chem. 30, 895 (1968)
39. Levin, H. , Honnold , and Blair, Monthly Reports, NASA Contract NAS 2-5034,
Jul 1968
,t
vP
tl;
99
LOCKHEED PALO ALTO RESEARCH LABORATORY
L O C K N E E 0 M 1 S S 1 l E S A S P A C E COMPANY
A GROUP DIVISION OF tOCKNEED AIRCRAFT CORPORATION
11
G-78-C8-45
l
Appendix A
CALCULATION OF Sn(E)
Start with Eq. (8) which is derived in the text
4>r e 2
 a Z 1 Z2 M1 dE 1Sn(E)	 (M + M)	 1dp /1	 2	 n
where
a = 0.8853 a Z-1/3
0
0.8853 ao
( 
1 + Z2/3 1/2
with ao	5.29 x 10-9 cm and (dE/dp ) n is determined from Fig. 7 with the
abscissa E
E a M2
E _
Z 1 Z 2 e2
 ( M 1 + M2 )
Using Eqs . (A. 1) and (A. 2) and the relationship
e2 a = 0.75 x 10 -15 eV • cm 
0
the following result is obtained:
9.425 Y Z2 (
d
L,,)	 -15	 2
Sn(E) _(1 + M)	 p x 10	 eV em2	 n
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where
0.8853
Y (^	 2/3 1/2
11 +-Z
The following values of Y and E are obtained:
Y E
_4
Au 0.2 0.94 x 10	 E
La 0.222 1.88 x 10 -4 E
Ag 0.236 1.84 x 10 -4 E
Cu 0.275 3.45 x 10 -4 E
Al 0.347 9.55 x 10 -4 E
O 0.396 17.25 x 10 -4 E
where E is the proton energy in eV.
With the following values of (dE/dp ) n :
E
	
(dE/dp)n
	
2.0
	
0.291
	
1.0
	
0.356
	
0.6
	
0.391
	
0.4
	
0.405
	
0.2
	
0.403
	
0.1
	
0.372
	
0.04
	
0.311
	
0.01
	
0.211
the calculation of Sn(E ) can be completed.
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As an example, for copper,
E - 3.45x10-4E
which yields the following:
E (dE/dp,) 
n
E (keV) Sn(E)(x 10 -15 eV - cm  )
2.0 0.291 5.8 0.34
1.0 0.356 2.9 0.42
0.6 0.391 1.74 0.46
0.4 0.405 1.16 0.48
0.2 0.403 0.58 0.48
0.1 0.372 0.29 0.44
0.04 0.311 0.116 0.37
0.01 0.211 0.029 0.25
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Appendix B
CALCULATION OF Se (E )
Z
Se ( E ) se-8v e 2 ao	
o
	 (B. 1)
1+Z2/312
With
and
v  = 2.2 x 10 8 cm/sec	 (B.2)
e2
 ao = 0.75 x 10 -15 eV • cm 	 (B.3)
S (E) = 18.85	
Z2	
_v_ x 10 -15 eV • cm 	 (B. 4)
e	 2/3 3/2 \vo /
\1 + Z2 /
The following results are obtained for S.(E) (x 10 -15 eV • cm2 ) :
10 keV 	 1 keV
La 10.7 3.4
Ag 10.68 3.38
Cu 10.23 3.24
Al 9.33 2.96
O 8.45 2.68
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Appendix C
CALCULATION OF Rt WITH Sn(E) = 0
E0
At =	 (dE/dx )8 1 dE
0
For 10 keV protons on copper, S e (E) = 13.4 x 10 -15 eV • cm2 from Morita
(Fig. 6) with Se (E) Cu a E0.4.
Therefore,
dE
- dx e = 11.38 eV/A
(C. 1)
(C. 2)
for 10 keV.
For E0 < 26 keV
-= 4.63 E	 0dx:o ' 4 eV
e	 A
(C. 3)
C'
where E0 is in keV
A simple calculation using (C. 1) and (C. 3) yields
0
Rt = 355 Eo ' A
with E0 in keV and Rt is based on the experimental S e (E) .
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(C. 4)
.i
